Apoptosis is an active death program that contributes to the elimination of damaged, mutated, aged, or virally infected cells (22) . A key event in most forms of apoptosis is the change of mitochondrial membrane permeabilization (MMP) and the release of cytochrome c from mitochondria into the cytoplasm, which frequently marks the point of no return in the apoptotic process (78) . As one of the critical control points for the life-versus-death decision, MMP is tightly regulated by members of the Bcl-2 family of proteins, which inhibit or promote MMP depending on whether they belong to the anti-or proapoptotic branch of the family, respectively (2, 31, 47) . Among the proapoptotic members, the small BH3 (Bcl-2 homology 3)-only proteins including Bad, Bid, Bim, Puma, and Noxa are often responsible for conveying the initial death signal, but the multidomain proteins Bak and/or Bax are required for commitment to cell death via the mitochondrial pathway (11, 43, 75) . When activated, Bak and Bax undergo conformational changes to form oligomers and permeabilize the outer mitochondrial membrane (OMM), resulting in the release of proapoptogenic factors (1, 13, 28) .
Although Bak and Bax seem in many circumstances to be functionally equivalent (43, 75) , substantial differences in their regulation would be expected from their distinct localization in nonapoptotic cells. Bak resides on the OMM in association with Mcl-1 and Bcl-x L , which occupy the dimerization and killing domain (BH3 domain) of Bak, therefore keeping Bak inactive (76) . When activated, Bak is released from Mcl-1 and Bcl-x L and the BH3 domains are displaced for oligomerization, which promotes cell death. Bax, instead, is largely found in the cytoplasm or is loosely attached to OMM as inactive monomers in nonapoptotic somatic cells (77) . Although Bax has a hydrophobic groove that could serve as a receptor for a BH3 protein, the groove is occluded by the C-terminal ␣-helical putative transmembrane (TM) domain ␣-helix 9, thus keeping Bax in the cytoplasm in the form of inactive monomers (67) . The BH3 domain of Bax, which is essential for its proapoptotic activity, including formation of Bax/Bax homodimers and Bax/ Bcl-2 heterodimers, is masked in the hydrophobic core of the protein as well as in the inactive Bax in cytoplasm (73, 79) . Following any one of various cytotoxic signals, Bax is activated and undergoes a series of conformational changes in the N and C termini, leading to Bax translocation to the mitochondria, oligomerization, and integration into the mitochondrial membranes (34, 38, 39, 45, 49, 51, 59, 77) . These events all have been implicated in the process of cytochrome c release, al-though the precise biochemical mechanism by which Bax induces cytochrome c release is still controversial (5, 6, 29, 48, 60, 63) .
Apoptosis is considered an innate defense mechanism against intracellular pathogen infection, and the mitochondria checkpoint is pivotal to this regulation (9) . This concept is supported by the fact that many viruses carry genes whose products can directly interfere with the mitochondrial apoptotic apparatus of the host cell for their own benefit (10, 12, 19, 20, 30, 54) . A number of viruses express antiapoptotic proteins that localize to the OMM to prevent or retard induction of MMP by binding to host proapoptotic modulators, allowing the virus to propagate before its host cell dies (8) . For example, E1B 19K from adenovirus, a Bcl-2 homolog, interacts with Bax and Bak and blocks Bax and Bak oligomerization to inhibit downstream apoptotic events (53, 65, 66) . vMIA, encoded by human cytomegalovirus (CMV), is localized to mitochondria, where it blocks the activity of the adenine nucleotide translocator (ANT), a subunit of the permeability transition port (PTP) complex that spans the inner and outer mitochondrial membranes to induce MMP (25) . In addition, vMIA recruits Bax to mitochondria and causes its full membrane insertion as well as its oligomerization and yet suppresses all manifestations of MMP (7, 55) . Recently, a new poxvirus antiapoptotic protein, F1L of vaccinia virus, has been identified to localize exclusively in mitochondria (64, 74) , thereby inhibiting MMP and the release of cytochrome c, reportedly by direct binding to the BH3 domain of host Bcl-2 members (23) like Bak (74a) .
Myxoma virus (MV), a member of the Leporipoxvirus genus of poxviruses, is the causative agent of myxomatosis in European rabbits (Oryctolagus cuniculus) (21, 41) . MV encodes multiple antiapoptotic proteins, including M-T2, M-T4, M-T5, and M11L, which function to disrupt various classes of proapoptotic signals (18, 62) . Among these viral antiapoptotic proteins, M11L, a small protein (166 amino acids) which is important for viral pathogenesis in the rabbit (52) , has been found to be capable of functioning in human cells as well as to prevent apoptosis via the mitochondrial pathway (72) . This protein possesses a hydrophobic transmembrane (TM) domain in the C terminus which is responsible for localization to the mitochondria, where M11L executes its antiapoptotic function (16) . M11L forms an inhibitory complex with the peripheral benzodiazepine receptor (PBR), a component of the PTP complex that promotes MMP (17) . Moreover, M11L has been shown to also interact with the proapoptotic protein Bak, a Bcl-2 family member that is constitutively present on mitochondria (72) . M11L prevents the release of cytochrome c from mitochondria as well as the dissipation of the mitochondrial membrane potential (D⌿ m ) induced by the treatment with several apoptotic stimuli, including the PBR ligand protoporphyrin IX (17) , and overexpression of Bak (72) .
In the present study, we extend the investigation and demonstrate that although it does not prevent Bax localization to the mitochondria in response to an apoptotic signal or virus infection, M11L inducibly blocks Bax activation at mitochondria through suppression of Bax conformational change and represents an additional antiapoptotic strategy independent of Bak.
MATERIALS AND METHODS
Antibodies and reagents. Monoclonal antibodies (MAb) detecting Bax conformational change (clone 6A7) and detecting ␤-actin as loading control for immunoblot as well as anti-Flag (M2) were from Sigma-Aldrich Inc. (St. Louis, MO). Mouse MAb against a peptide epitope derived from the hemagglutinin (HA) protein of human influenza virus (clone 12CA5) was obtained from Roche Diagnostics (Mannheim, Germany). MAb detecting full-length caspase 3 as well as the cleaved fragments (19 and 17 kDa) were from Cell Signaling Technology (clone 8G10; Beverly, MA), and MAb detecting poly (ADP-ribose) polymerase (PARP) and the cleavage product was from BD Biosciences Clontech (Palo Alto, CA). MAb detecting cytochrome oxidase subunit IV (COX IV; Molecular Probes, Eugene, OR) was used for a mitochondrial loading control. Polyclonal antibodies against Bax (recognizing both inactive and active Bax) were from Santa Cruz Biotechnology (clone N20; Santa Cruz, CA) and from Upstate Biotechnology (clone NT; Lake Placid, NY), respectively. Polyclonal antibody detecting Bak (clone NT) was from Upstate Biotechnology as well. Polyclonal antibody against M11L has been previously described (52) . Horseradish peroxidase-coupled goat anti-mouse and goat anti-rabbit secondary antibodies were obtained from Jackson Immunoresearch (West Grove, PA). A rabbit peroxidase-anti-peroxidase antiserum (anti-PAP; Sigma-Aldrich Inc.) recognizing the protein A sequence of the tandem affinity purification (TAP) tag was used for monitoring TAP tag expression. MitoTracker Red, Oregon Green 514-conjugated goat anti-mouse, and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies were purchased from Molecular Probes, Invitrogen Canada, Inc. (Burlington, Ontario, Canada). Tumor necrosis factor alpha (TNF-␣) was purchased from Medicorp (Montreal, Canada), and CHAPS [3- (75) , were grown in the same medium as that described above. HEK-Neo and HEK-M11L transfectants (72) were cultured in RPMI 1640 supplemented with 10% FBS and 500 g/ml G418. BGMK monkey kidney cells were grown in DMEM supplemented with 10% newborn calf serum. Recombinant MV viruses used in this study included vMyxlac (a wild-type control) and vMyxM11LKO (a mutant MV that failed to express M11L due to a targeted gene disruption within the open reading frame M011L [75] ).
Infections and measurement of viral growth. Viral infections were carried out at a multiplicity of infection (MOI) of 5, unless stated specifically. To measure the multistep viral growth in HOS and 786-0 cells, cells were incubated with 0.1 MOI of MV for 1 h at 37°C followed by three washes to get rid of the unbound viruses. The infected cells were harvested at 0, 12, 24, 48, 72, and 96 h postinfection, processed by three cycles of freeze/thaw, and titrated in BGMK cells with serial dilutions. To measure the single-step viral growth in wtMEF and MEFBak Ϫ/Ϫ cells, cells were infected with 5 MOI of MV as described above, harvested at 0, 10, 20, 30, 40, and 50 h postinfection, and titrated in BGMK cells.
Immunoblot for detecting apoptosis. Cells were harvested and lysed in 1% NP-40 buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2 mM EDTA, pH 8.0, 10% glycerol, and 1% NP-40) containing a cocktail of protease inhibitors. The cell lysate was cleared by centrifugation at 15,000 ϫ g for 30 min at 4°C. Supernatant proteins (50 g) were resolved by 15% (for caspase 3) or 8% (for PARP) denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes. After blocking with 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween 20, the membrane was incubated with the desired primary antibody overnight at 4°C. The membrane was then washed and treated with appropriate secondary antibody for 1 h at room temperature, and the immunoreactive bands were visualized using the Western Lightning enhanced chemiluminescence kit from PerkinElmer Life Sciences, Inc. (Boston, MA). Membranes were also stripped and reprobed with anti-␤-actin antibody to confirm the equal loading of the proteins.
Immunoprecipitation and immunoblot for detecting Bax and M11L interaction. Cells infected with MV at 5 MOI were harvested 24 h postinfection and lysed in 1% NP-40 buffer or 2% CHAPS lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 2% CHAPS) containing a cocktail of protease inhibitors. The lysate was centrifuged at 15,000 ϫ g for 30 min at 4°C, VOL. 80, 2006 M11L BLOCKS Bax AT MITOCHONDRIA 1141 and the supernatant was collected for the assays. Immunoprecipitation was performed with 2 g of anti-Bax (clone NT) at 4°C overnight. Protein A-agarose beads (50 l) were then added, and the incubation was continued for 4 h at 4°C. The immunoprecipitated complexes with agarose beads were washed four times with the lysis buffer containing 0.5% sodium deoxycholate and subjected to SDS-15% PAGE followed by immunoblotting with anti-M11L antibody. Construction of TAP tag vectors and TAP-tagged protein purification. The N-terminal TAP dual-epitope tags (58) were provided by J. Walkenhorst (Cellzome GmbH and European Molecular Biology Laboratory, Heidelberg, Germany). An N-TAP cassette was subcloned into pcDNA3 resulting in pcDNA3.4-N-TAP fusion vector (72) , which was used for further subcloning of M11L and human Bax (pcDNA3.4-N-TAP-M11L and pcDNA3.4-N-TAP-Bax, respectively). Logarithmic-phase HEK293T cells were seeded in 100-mm-diameter tissue culture dishes (5 ϫ 10 6 cells/dish) in fresh medium the day before transfection. Cells were transiently transfected or cotransfected with 20 g of each of the expression plasmids using a calcium phosphate mammalian transfection kit (BD Clontech) according to the manufacturer. Cells expressing the TAP-tagged M11L protein or pcDNA3-M11L plus N-TAP-Bax were lysed in 2% CHAPS or 1% NP-40 lysis buffer 24 h after transfection. Following centrifugation at 15,000 ϫ g for 30 min at 4°C, the supernatant was recovered and added to rabbit immunoglobulin G (IgG) agarose beads (Sigma-Aldrich, Inc.), which were then rotated for 2 h at 4°C to allow the binding of the fusion protein. The beads were washed three times with wash buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% CHAPS or 0.1% NP-40) and resuspended in 1 ml of tobacco etch virus (TEV) cleavage buffer (10 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 1 mM dithiothreitol) containing 200 U of TEV protease (Invitrogen). The samples were mixed by inversion at room temperature for 2 h to cleave the tagged protein.
Calmodulin binding buffer (10 mM ␤-mercaptoethanol, 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM CaCl 2 , and 0.1% CHAPS or 0.1% NP-40) was added to the eluate together with calmodulin affinity resin (Stratagene, La Jolla, CA) and mixed for 1 h at 4°C to allow binding to the beads. Following three washes with calmodulin binding buffer, the samples were eluted with calmodulin elution buffer (10 mM ␤-mercaptoethanol, 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM magnesium acetate, 1 mM imidazole, 2 mM EGTA, and 0.1% CHAPS or 0.1% NP-40). The eluted purified product was concentrated to an appropriate volume through a NANOSEP 10K OMEGA protein concentrator (Pall Gelman Laboratory, Ann Arbor, MI) and resolved by denaturing SDS-PAGE followed by immunoblotting with the proper antibodies.
Construction of Flag-M11L and HA-Bax vectors and immunoprecipitation of Flag-M11L/HA-Bax complex in transfected cells. Flag-M11L was constructed as described previously (72) . Briefly, M11L was cloned into pFlag-CMV2 vector (kindly provided by Jin Q. Cheng, University of South Florida), resulting in an N-terminally Flag-tagged M11L construct (pFlag-CMV2-M11L). Human Bax was kindly provided by Ping Q. Dou (Wayne State University) and subcloned into pcDNA3-HA to generate an N-terminally HA-tagged Bax construct (pcDNA3-HA-Bax). HEK293T cells were cotransfected with 20 g of Flag-M11L and HA-Bax by calcium phosphate precipitation as described elsewhere (72) . Cells were collected 24 h posttransfection and lysed in 2% CHAPS lysis buffer. The cell lysate was cleared by centrifugation at 15,000 ϫ g for 30 min at 4°C, and supernatant was incubated overnight at 4°C with 2 g anti-Flag or anti-HA MAb, respectively. Protein G-agarose beads (50 l) were then added to each sample, and the incubation was continued for 4 h at 4°C. The immunoprecipitated complexes with agarose beads were washed four times with the lysis buffer containing 0.5% sodium deoxycholate and a cocktail of protease inhibitors and subjected to SDS-15% PAGE followed by immunoblotting using anti-HA or anti-Flag MAb, respectively.
Immunoprecipitation and immunoblot for detecting Bax conformational change. Two anti-Bax antibodies were used in this assay. Clone 6A7 recognizes an epitope in the N terminus which is normally hidden in inactive Bax and exposed when Bax undergoes conformational change for apoptosis induction (36) . Therefore, 6A7 does not bind to inactive Bax. Clone N20 instead recognizes an exposed epitope and hence reacts with both inactive and active forms of Bax. HOS, 786-0, HEK293, wtMEF, or MEF Bak Ϫ/Ϫ cells infected with MV at 5 MOI for 24 h or HEK-Neo and HEK-M11L stimulated with 10 ng/ml of TNF-␣ for 24 h were collected and lysed in 2% CHAPS buffer containing a cocktail of protease inhibitors. The cell lysate was cleared by centrifugation at 15,000 ϫ g for 30 min at 4°C. Thereafter, aliquots of equal amounts of supernatant proteins (1 mg/ml), determined by Bradford dye binding (Protein Assay; Bio-Rad Laboratories, Hercules, CA) using a spectrophotometer, was incubated overnight at 4°C with 2 g anti-Bax MAb 6A7. Protein G-agarose beads (50 l) were then added to each sample, and the incubation was continued for 4 h at 4°C. The immunoprecipitated complexes with agarose beads were washed four times with 1% CHAPS wash buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1% CHAPS, 0.5% sodium deoxycholate, and a cocktail of protease inhibitors) and subjected to SDS-15% PAGE followed by immunoblotting using polyclonal anti-Bax N20. Detection of the IgG light chain was used as an indicator for equal loading of the samples.
Subcellular fractionation for localization of Bax. Both cytosolic and heavy membrane (HM) fractions (including mitochondria) were isolated at 4°C by using an established protocol with some modifications (72) . Briefly, cells were washed twice in cold phosphate-buffered saline (PBS) buffer, resuspended in a hypotonic buffer containing 20 mM HEPES-KOH (pH 7.5), 1.5 mM MgCl 2 , 5 mM KCl, 1 mM dithiothreitol, and a cocktail of protease inhibitors, and incubated on ice for 10 min. The cells were sheared four times through a 30-gauge 1/2-inch needle fitted on a 1-ml syringe, and the lysate was centrifuged at 1,000 ϫ g for 10 min at 4°C. The supernatant was collected and centrifuged again under the same conditions. The resulting supernatant was then centrifuged at 14,000 ϫ g for 30 min at 4°C, followed by collection of both the supernatant and pellet fractions. The pellet was washed twice with the mitochondria washing buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl, pH 7.5, 1 mM EDTA, and a protease inhibitor cocktail). The pellet was resuspended in the mitochondria lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, and 0.5% NP-40, supplemented with a cocktail of protease inhibitors), and this represented the HM fraction including mitochondria. The supernatant was further ultracentrifuged at 100,000 ϫ g for 60 min at 4°C, and the resulting supernatant was collected as the cytosolic fraction. The cytosolic fraction was concentrated to an appropriate volume by a NANOSEP 10K OMEGA protein concentrator (Pall Gelman Laboratory). Twenty micrograms of protein from the HM or cytosolic fraction was resolved by SDS-15% PAGE and blotted with anti-Bax (NT) antibody.
Immunofluorescent staining and confocal microscopy. Cells were cultured on coverslips (Fisher Scientific Company, Ottawa, Ontario, Canada) overnight followed by infection with MV for 24 h. The infected cells were then washed briefly with PBS and fixed with 100% prechilled methanol for 10 min. Thereafter, the fixed cells were washed with PBS and blocked with PBS containing 2% bovine serum albumin (Sigma-Aldrich Inc.) for 1 h at room temperature. After staining with MitoTracker Red for 1 h, cells were washed and incubated with anti-Bax antibody (NT or 6A7; 1:1,000 dilution) for 1 h followed by a further incubation with the secondary antibody at 1:1,000 dilution (Alexa Fluor 488-conjugated goat anti-rabbit for clone NT or Oregon Green 514-conjugated goat anti-mouse for clone 6A7) for 1 h at room temperature. The coverslips were washed with PBS, mounted with VECTASHIELD Mounting Medium (Vector Laboratories Canada Inc., Burlington, Ontario, Canada), and examined under a laser scanning microscope (LSM) 510 (Carl Zeiss Inc., Jena, Germany).
RESULTS
Myxoma M11L inducibly interacts with Bax. M11L is an early gene product expressed by MV, and its synthesis could be observed in MV-infected permissive human cancer cells as early as 4 h postinfection (Fig. 1A) but not in cells infected with vMyxM11LKO, similar to what is observed for infected rabbit cells (26) . It has been shown previously that M11L localizes to mitochondria and blocks apoptosis (16, 17, 72) . In an effort to identify the binding partners of M11L in human tumor cells, we reported the constitutive interaction between M11L and Bak and noticed that M11L also can bind to Bax under certain inducible conditions but not with the other Bcl-2 family members tested, including Bad, Bid, and Bcl-2 (72). Hence, we sought to investigate the interaction between M11L and Bax in MV-infected cells by immunoprecipitation assays. Human osteosarcoma (HOS) cells and renal cancer 786-0 cells were permissive for both wild-type MV (vMyxlac) and the M11L knockout virus (vMyxM11LKO) (Fig. 1B ), although a lower replication level (nearly a log) of vMyxM11LKO was observed in both cells. These cell lines were used to study the potential interaction and interference of M11L with endogenous Bax. To rule out the possibility that the use of any specific detergent contained in lysis buffer may affect M11L/Bax protein binding, MV-infected cells were lysed in either 1% NP-40 buffer or 2% CHAPS buffer 24 h postinfection, and the immune complexes in cell lysate were precipitated with anti-Bax (NT) antibody followed by immunoblotting with anti-M11L antibody. M11L formed an immunocomplex with endogenous Bax in vMyxlacinfected 786-0 cells under the condition of 2% CHAPS lysis buffer ( Fig. 2A) . The same result was obtained when 1% NP-40 lysis buffer was used (data not shown), indicating that lysis buffer containing NP-40 or CHAPS had no effect on this binding in MV-infected cells. Complexes between M11L and Bax were detected repeatedly in other tested cells that were permissive for vMyxlac, including HOS and HEK293, and also in uninfected HEK-M11L transfectants (stably expressing M11L) following TNF-␣ stimulation (data not shown). To further confirm the interaction between M11L and Bax, TAP analysis was performed using either TAP-M11L as bait to pull down Bax or TAP-Bax as bait to pull down M11L. In uninfected cells transfected with TAP-M11L, Bax copurified with the TAP-M11L eluate only when NP-40 lysis buffer was used (Fig. 2B , image i) but not when CHAPS lysis buffer was used (data not shown). This result is consistent with what was reported earlier (72) . However, in cells cotransfected with TAP-Bax and M11L plasmids, M11L was detected to be copurified with the TAPBax eluate in the presence of CHAPS in the lysis buffer (Fig.  2C, image i) . For the TAP-M11L bait, controls indicate expression of the 20-kDa TAP alone, the intact 35-kDa TAP-M11L fusion protein in cell lysate prior to the TAP procedure, and recovery of the 17-kDa TEV cleaved M11L (M11L-CBP) after the TAP procedure as shown in Fig. 2B , images iii and ii, respectively. For the TAP-Bax bait, expression of M11L and the intact 40-kDa TAP-Bax fusion protein in cell lysate prior to the TAP procedure are shown in Fig. 2C , images ii and iii, respectively. In agreement with these results, complexes of M11L and Bax were also detected in the Flag-CMV2-M11L-and pcDNA3-HA-Bax-cotransfected HEK293T cells by immunoprecipitation with anti-HA antibody followed by immunoblotting with anti-Flag antibody and, vice versa, immunoprecipitation with anti-Flag followed by immunoblotting with anti-HA when CHAPS lysis buffer was used (Fig. 2D) . Taken together, we conclude that M11L enters into complexes with Bax not only in MV-infected cells but also in cells where transfected M11L is transiently expressed, thus indicating that no additional viral factors are required to mediate the binding between Bax and M11L.
Bax conformational change is inhibited in the presence of M11L. To investigate any biological functions of Bax that might be blocked by interaction with M11L, we first focused on the Bax protein conformational change which is essential for initiating apoptosis following Bax activation (6, 14, 50, 68) . HOS cells infected with vMyxlac or vMyxM11LKO were collected 24 h postinfection and lysed in 2% CHAPS buffer, which does not alter the conformational status of Bax (5, 6, 35) . Equal amounts of lysate proteins were immunoprecipitated by anti-Bax 6A7 to pull down conformationally active Bax followed by immunoblotting with anti-Bax antibody N20 (which recognizes a common region in both native and active Bax). During the course of an MV infection, Bax conformational change was detected with 6A7 antibody in the cells infected with vMyxM11LKO at 6 h postinfection and the amount of Bax*/19kD increased dramatically over time (Fig. 3A, lanes 5  to 7) . In contrast, no Bax conformational change was detected over the course of 24 h in cells infected with vMyxlac, in which M11L was present (Fig. 3A, lanes 2 to 4) . This result demonstrated that M11L blocks some aspect of Bax conformational change in the MV-infected host cells. This inhibition of Bax conformational change was also detected in HEK-M11L transfectants, which stably express M11L (Fig. 3B) . Control cells (HEK-Neo) and HEK-M11L were stimulated with 10 ng/ml of TNF-␣ for 24 h and then collected and lysed in 2% CHAPS buffer followed by immunoprecipitation with 6A7 antibody as described above. HEK-Neo cells underwent apoptosis as expected in the absence of M11L (72) with the detection of the anticipated change in Bax conformation (Fig. 3B, lanes 1 to 2) . However, a dramatic inhibition of this Bax conformational change was observed in HEK-M11L in the presence of constitutively expressed M11L (Fig. 3B, lanes 3 and 4) . These findings suggest that M11L is capable of inducible binding to Bax and inhibiting Bax conformational change in addition to the previously identified mechanisms that feature M11L constitutive binding to PBR and Bak at mitochondria (17, 72) . It is known that Bax normally resides in the cytoplasm but undergoes conformational change in response to apoptotic stimuli accompanied by translocation to the mitochondria to promote apoptosis. To extend our findings and to ascertain in which cellular compartment this conformational change of Bax occurs, we performed immunofluorescent staining of Bax on cells infected with vMyxlac or vMyxM11LKO. Bax recognized by conformation-dependent 6A7 antibody was visualized by staining with Oregon Green 514-conjugated anti-mouse antibody (green color in Fig. 4A, D, and G) , and mitochondria were stained with MitoTracker Red (red color in Fig. 4B, E, and H) . The merged yellow color indicates the presence of conformationally changed activated Bax colocalized with mitochondria (Fig. 4C, F, and I ). This activated Bax recognized by 6A7 could only be detected in cells infected with vMyxM11LKO ( Fig. 4G to I) but was not detected in mock-or vMyxlac-infected cells.
In addition, this result demonstrated that this Bax conformational change, as detected by 6A7, only occurred at the mitochondria, not in the non-mitochondria compartment, such as cytoplasm, in MV-infected cells (Fig. 4I) . Our finding that the 6A7 antibody detects only a Bax conformational change at the mitochondria, not in the cytoplasm, is consistent with the observation by others under different experimental settings (40, 50) .
Translocation of Bax to mitochondria is triggered by myxoma infection and is not blocked by M11L.
Bax-induced apoptosis involved two key events, the translocation of Bax to mitochondria and then a conformational change that activates Bax (67, 69) . To determine whether M11L could block Bax translocation to the mitochondria and hence prevent Bax con- formational change, we harvested and fractionated cells infected with MV (vMyxlac or vMyxM11L). Cytosolic and mitochondrial fractions were separated by centrifugation, and equal amounts of proteins were resolved by SDS-15% PAGE followed by immunoblotting with anti-Bax (NT) antibody. As shown in Fig. 5A (lane 1) , a low level of Bax was detected in the mitochondrial fraction from mock-infected cells. This may represent a small fraction of loosely attached inactive Bax on the mitochondrial membrane. In contrast, regardless of whether cells were infected with vMyxlac or vMyxM11LKO, we detected a significantly larger amount of Bax in the mitochondrial fractions than in mock-infected cells (Fig. 5A, lanes 2 and  3) . Accordingly, the amount of Bax in cytosolic fractions from both vMyxlac-and vMyxM11L-infected cells was notably decreased in comparison to that in the mock-infected cells (lanes 4 to 6). This suggests that Bax translocates from the cytoplasm to the mitochondria in MV-infected cells despite the expression of M11L. This was further confirmed by immunofluorescent staining of the vMyxlac-or vMyxM11LKO-infected cells. Bax was stained with anti-Bax NT (recognizing both native and activated Bax) and visualized by Alexa Fluor 488-conjugated anti-rabbit antibody (green color in Fig. 5B , images I, IV, and VII), and mitochondria were stained with MitoTracker Red (red color in Fig. 5B , images II, V, and VIII). The merged yellow color indicates the colocalization of Bax and mitochondria (Fig. 5B, images III, VI, and IX) . A low level of Bax could be seen on mitochondria in the mock-infected cells, whereas in the MV-infected cells, both in the presence (vMyxlac infection) and the absence (vMyxM11LKO infection) of M11L, a significant amount of Bax can be detected at the mitochondria, indicating again that some Bax has translocated to the mitochondria in response to viral infection despite the existence of M11L in the vMyxlac-infected cells. In addition, a fraction of the total Bax was still detectable in the nonmitochondrial compartment (presumably the cytoplasm) in the infected cells, which is in agreement with the finding from immunoblotting of the cytosolic and mitochondrial fractions (Fig. 5A ) that only a subset of Bax translocated from cytoplasm to mitochondria in response to viral infection. These results indicate that the Bax conformational change detected by the 6A7 antibody is a later event following Bax translocation to mitochondria and that M11L can specifically block this posttranslocational change of Bax conformation.
M11L blocks Bax activity in the absence of Bak. Bax and Bak can have overlapping functions under certain conditions when promoting apoptosis (43, 75) . Previously we have shown that M11L blocks apoptosis that is Bak induced and mitochondria dependent (72) . To clarify whether the inhibition of Bax activity by M11L might require the presence of Bak, we infected MEF cells lacking Bak expression (MEF Bak Ϫ/Ϫ ) with MV and then examined the antiapoptotic properties of M11L. vMyxlac-infected MEF Bak Ϫ/Ϫ cells failed to exhibit detectable apoptosis as measured by induced caspase 3 or PARP cleavage, indicating that MEF Bak Ϫ/Ϫ cells were protected from MV-induced apoptosis, whereas vMyxM11LKO infection induced detectable caspase 3 and PARP cleavage as early as 8 h postinfection in the absence of M11L (Fig. 6A and B) . To further confirm the Bak-independent interaction of M11L and Bax, MEF Bak Ϫ/Ϫ cells were infected with MV and immunoprecipitation assays were performed as described above. M11L interacted directly with Bax in the vMyxlac-infected MEF Bak Ϫ/Ϫ cells (Fig. 7A, lanes 1 and 2) . Immunoblotting controls for the expression of M11L in the cell lysate before immunoprecipitation and the expression of Bax and the absence of Bak were also confirmed (Fig. 7A, lanes 3 to 6) . Together, these results indicate that there is a direct interaction between M11L and Bax, and this interaction does not require the involvement of Bak. Furthermore, immunoprecipitation with conformation-dependent anti-Bax 6A7 antibody was also performed on the infected wtMEF and MEF Bak Ϫ/Ϫ cells using 2% CHAPS lysis buffer as described above. Bax conformational change, detected in the vMyxM11LKO-infected MEF Bak Ϫ/Ϫ cells, was blocked by M11L in the vMyxlac-infected MEF Bak Ϫ/Ϫ cells, which is the same as in the wtMEF-infected cells (Fig.  7B ). This confirms that the process of M11L binding to Bax, thus preventing Bax conformational change on mitochondria, is independent of Bak. Both vMyxlac and vMyxM11LKO viruses were permissive in wtMEF and MEF Bak Ϫ/Ϫ cells, indicated by the growth curves (Fig. 7C ), but a lower replication level of vMyxM11LKO was observed in both wtMEF and MEF Bak Ϫ/Ϫ cells, consistent with the results from MV-infected human tumor cell lines (see Fig. 1B ).
In summary, our results demonstrate that myxoma M11L can block mitochondria-mediated apoptosis by inducibly arresting the activation of mitochondria-translocalized Bax and thereby maintaining Bax in a conformation that is unfavorable to the progression of apoptosis. In addition, this block to Bax conformational activation at the mitochondria is independent of Bak. 
DISCUSSION
In the present study, we demonstrate that myxoma M11L inducibly interacts with a subset of Bax that translocalizes to mitochondria in response to virus infection or a proapoptotic stimuli and blocks the Bax protein conformational change which is required for apoptosis initiation. This block to apoptosis, by interfering with Bax conformational activation, requires no involvement of Bak to which M11L can also form a constitutive inhibitory complex at the mitochondria (72) . This reveals an independent antiapoptotic mechanism for M11L-mediated protection from apoptosis, thereby adding Bax to the list of M11L binding partners at the mitochondria, together with Bak and PBR (17, 72) .
Mitochondria transduce key signals during the apoptotic response and thus function as authentic killer organelles (9) . Members of the Bcl-2 family are key regulators of apoptosis via the mitochondrial pathway (2, 31) . In addition, the multidomain proapoptotic Bcl-2 members Bax and Bak are the most downstream activator molecules known to date for the cytochrome c release machinery (56) . Hence, it is not surprising that mitochondria can be directly targeted for modulating apoptosis by numerous viral proteins, many of which share homology with Bcl-2 members (10, 12, 19, 20, 30, 54) . These viral proteins often antagonize the effects of cellular proapoptotic Bcl-2 family proteins, especially Bax and Bak (12) . For example, Epstein-Barr virus (EBV) codes for BHRF1, a Bcl-2 homolog which colocalizes to OMM with Bcl-2 and suppresses MMP and apoptosis (32, 33) . Another EBV-coded Bcl-2 homolog, BALF-1, is able to interact with Bax and Bak to inhibit apoptosis (46) . Vaccinia virus encodes an antiapoptotic Bcl-2-related protein, F1L, that localizes exclusively in mitochondria leading by its C-terminal hydrophobic domain, which is also responsible for the antiapoptotic function (64, 74) . Recently, direct binding of F1L expressed by modified vaccinia virus Ankara to host BH3 domains has been reported (23) . The viral antiapoptotic protein vMIA from human CMV does not have any sequence similarity with any Bcl-2 family member or other known host proteins, but nevertheless it localizes to mitochondria, where it blocks the activity of ANT, a component of the proapoptotic PTP complex (25) . In addition, vMIA recruits Bax from cytoplasm to mitochondria and suppresses MMP (7, 55) . Similarly, the infection of the murine cytomegalovirus quence and is required for targeting to mitochondria (16) . This virus-encoded antiapoptotic protein selectively resides at the OMM, where it promotes the survival of the host cell and guarantees the propagation of the virus (16) . Significantly, M11L can inhibit the apoptotic cascade at the mitochondria by multiple independent strategies involving constitutive complexes with PBR (17) and Bak (72) , and now we report its ability to form inducible complexes with Bax. M11L binds inducibly to Bax in response to apoptosis stimulation, and this interaction requires no other MV protein (Fig. 2 ) or cellular Bak (Fig. 7A ). This inducible M11L-Bax interaction would be expected to occur at the mitochondria due to the localization of M11L, hence suggesting that cytosolic Bax must first translocate to the mitochondria before the actual binding event.
Immunoprecipitation with anti-Bax clone NT (recognizing both inactive and conformationally active Bax) performed on the cytosolic fraction of vMyxlac-infected cells failed to copurify any detectable M11L, which rules out the possibility of significant binding of M11L and Bax in the cytoplasm (data not shown).
In MV-infected cells, translocation of Bax from the cytoplasm to the mitochondria appears to be an inducible cellular response to viral infection, and this is supported by the fact that similar levels of Bax translocation occurs in the vMyxM11LKO-infected cells compared to the vMyxlac-infected cells (Fig. 5) . This is in contrast to the active recruitment of Bax by CMV vMIA (7, 55) . It has been estimated that translocation of only 20% of cellular Bax from the cytoplasm to the OMM is sufficient to trigger apoptosis (4) . Although the percentage of translocalized Bax in our experimental system cannot be calculated precisely, an estimate can be made by comparing the amount of cytosolic Bax in MV-infected cells with that in mock-infected cells (Fig. 5) . Cytosolic Bax was decreased significantly in MV-infected cells in comparison with that in mock-infected cells. It was noted that a low level of Bax at mitochondria in the mock-infected cells was detected by immunoblotting of the mitochondrial fraction (Fig. 5A ). This is not likely to be due to any contamination from the cytosolic fraction, because this colocalization of Bax on mitochondria was visualized by immunostaining with confocal microscopy as well (Fig. 5B) . However, this small portion of Bax probably represents the portion of inactive monomers that loosely attached to mitochondrial membrane but does not convey a proapoptotic signal (77) . This is supported by the findings that neither N-terminal conformational change of Bax (Fig. 3 and  4) nor standard apoptotic markers (caspase 3 or PARP cleavage; Fig. 6 ) could be detected in mock-infected cells. Apparently, activated and OMM translocalized Bax in apoptotic cells is in a conformation different from that of Bax that is loosely attached to the mitochondria in unstimulated cells, and this difference seems to be critical for Bax binding to M11L. This would explain the observation that Bax inducibly enters into a complex with M11L only in the presence of apoptotic stimuli which could activate Bax, such as virus infection ( Fig. 2A and  7A ), TNF-␣ stimulation (data not shown), transfection, or the overexpression of Bax (Fig. 2C and D) . For example, in TAP-M11L-transfected cells, with no overexpression of Bax, M11L could still coprecipitate endogenous Bax in the presence of NP-40 ( Fig. 2B) but not CHAPS lysis buffer (data not shown). Our interpretation for this finding is that, unlike CHAPS, the nonionic detergent NP-40 may promote certain conformational changes of Bax (36), after which the Bax fraction already loosely attached to the OMM and in close proximity to M11L may gain the opportunity to form a complex with M11L during cell lysis.
Despite the observation that similar amounts of cytosolic Bax translocalized to the mitochondria following MV infection, vMyxlac-infected cells are protected from apoptosis, whereas vMyxM11LKO-infected cells induce apoptosis rapidly. The difference resides in the fact that Bax undergoes further conformational change at the OMM in the vMyxM11LKO-infected cells but fails to do so in the vMyxlacinfected cells where M11L prevents this further activation of Bax ( Fig. 3 and 4) . It has been observed in epithelial cells during anoikis (i.e., inhibition of adhesion) that Bax translocalization does not, per se, commit cells to apoptosis (24) . The point beyond which cells are committed to apoptosis is when Bax forms large perimitochondrial clusters in the OMM and cytochrome c is subsequently released (70) . A recent study (4) has suggested that Bax permeabilizes mitochondrial membranes via discrete steps, beginning with the integration of Bax monomers into OMM with insertion of ␣-helixes 5, 6, and 9 followed by a conformational change at the N terminus (recognized by 6A7 antibody), resulting in oligomerization. Ongoing oligomerization then reorganizes the bilayer of the membrane to form large holes, through which a host of apoptosis-inducing factors from the inter membrane space, including cytochrome c, AIF, SMAC/Diablo, Endo G, Bit, and Omi/HtrA2, can be released, and apoptosis progresses to the point of no return (15, 27, 37, 42, 57, 68, 71) . Consistent with these recent findings on Bax activation, our results verify that Bax translocation alone does not trigger apoptosis, because when M11L is also present at the OMM, Bax-induced apoptosis is blocked. The further conformational change of Bax at the N terminus, following Bax localization to the mitochondria, is thus the crucial step toward apoptosis. Our results suggest that M11L blocks this late-stage transition in the Bax protein conformational status, thereby maintaining Bax in an unfavorable conformation for apoptosis progression ( Fig. 3 and 4) . Although the protein sequence of M11L contains a putative BH3-like domain with homology to the Bcl-2 family, especially Bax, Bak, and Bcl-x L (72), it is not yet clear whether binding of Bax and/or Bak is mediated by this domain. Whether M11L is capable of binding to the Bax which has already undergone conformational change on mitochondria is yet to be determined. Although immunoprecipitation with 6A7 failed to copurify any detectable M11L from vMyxlac-infected cells or HEK-M11L stably transfected cells stimulated with TNF-␣ (data not shown), this could be due to the small amount of 6A7-reacting Bax generated in the presence of M11L, as shown in Fig. 3 . This remains to be further investigated in other experimental systems.
Based on our results, we propose a molecular model in which the MV-infected cell reacts quickly to the virus infection and induces a death signal in the attempt to initiate apoptosis. This proapoptotic stimulus normally triggers Bax activation in cytoplasm, exposing the Bax C-terminal transmembrane domain resulting in translocation of Bax to mitochondria (Fig. 5) . Mitochondrial membrane-inserted Bax then undergoes further conformational change in the N terminus which permits oligomerization and development of mitochondrial membrane permeabilization and release of the proapoptotic factors from the intermembrane space, such as cytochrome c. This scenario likely applies to the cells infected with vMyxM11LKO, as we have shown in our studies that these cells begin to undergo apoptosis several hours postinfection (Fig. 6 ). However, in the presence of M11L, translocalized Bax is arrested by binding with M11L at the mitochondria, and this complex then blocks Bax from achieving the final conformational transition required for the execution of apoptosis ( Fig. 3 and 4) . Hence, the apoptotic process is halted (Fig. 6 ) and premature cell death is prevented or retarded sufficiently to guarantee optimal viral propagation. It would be reasonable to speculate that the higher replication level seen with the vMyxlac virus in both human tumor cells and MEFs, in comparison with the growth curves of vMyxM11LKO virus (Fig. 1B and 7C) , is a sum of benefit from the activity of M11L to restrain the apoptotic progress in the infected cells by blocking PBR, Bak, and activated Bax at the mitochondria. In some MV-infected cells, such as rabbit T lymphocytes, this advantage is even more extreme, and infection with vMyxM11LKO virus is fully nonpermissive (44) . Taken together, our findings reveal a novel self-sufficient antiapoptotic mechanism utilized by M11L through the inducible interaction and inhibition of activated Bax at the mitochondria. This provides evidence that myxoma M11L modulates apoptosis at the mitochondrial level by multiple strategies which all contribute to the blockade of apoptosis to benefit viral replication. The identification of these antiapoptotic mechanisms exploited by viruses will hopefully provide additional avenues for pharmacologic intervention to either accelerate apoptosis in tumor cells or inhibit apoptosis in diseases such as stroke and neurological trauma.
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